Abstract A simple, robust analytical chemistry method has been developed to dissolve plutonium containing particles in a complex matrix. The aerosol particles collected on Marple cascade impactor substrates were shown to be dissolved completely with an acid mixture of 12 M HNO 3 and 0.1 M HF. A pressurized closed vessel acid digestion technique was utilized to heat the samples at 130°C for 16 h to facilitate the digestion. The dissolution efficiency for plutonium particles was 99 %. The resulting particle digestate solution was suitable for trace elemental analysis and isotope composition determination, as well as radiochemistry measurements.
Introduction
Radioactive aerosol inhalation represents a major health and safety hazard in work environments of nuclear material fabrication, reprocessing, and research facilities. Generally, workers are protected by radiological contamination containment enclosures such as glove boxes (GB) and open front hoods (OFH). These enclosures are well ventilated to provide a negative pressure and constant air changes, thus, preventing workers from exposure to the hazardous materials. Nevertheless, in the event of an accidental uptake, an inhalation and deposition health physics model is utilized to estimate the impact to the worker's committed effective dose (CED). The recent International Commission on Radiological Protection (ICRP) publication 66 recommended the 5 lm particle size as the default for inhaled aerosol dosimetry modeling [1] . Studies conducted at the Los Alamos National Laboratory (LANL, USA) uranium (U) foundry facility recently have shown that a practical CED estimation can only be achieved when an internal dosimetry model was constructed using the process specific parameters rather than the 5 lm default value [2] . This previous investigation on LANL uranium aerosol particles focused primarily on the uranium particle size distributions from the three foundry processes [2] . The nature and extent of the health impact of aerosol exposure relate not only to the particle size distribution, but also to the airborne concentration, exposure duration, and chemical composition. The current study of plutonium (Pu) particles extended the research goals beyond the size distribution to chemical composition (both radionuclide and non-radioactive components) and morphology. Pu containing aerosol particulates in this study were collected from the LANL plutonium facility inside GB of (1) a multi-cycle direct oxide reduction (MCDOR) process in which Pu oxide was reduced to Pu metal, and (2) a metal chlorination (MC) process in which the impurity element americium (mostly 241 Am resulting from decay of 241 Pu) was removed [3] . Literature on characterizing Pu process-related particles is scarce. Sanders [4, 5] conducted a study on the size distribution and chemical composition of plutonium containing particles collected from the nuclear fuel reprocessing facility exhaust at the Savannah River Laboratory (SRL, USA). The author concluded that the Pu containing particles were airborne crustal materials to which minute quantities of plutonium were attached. This theory was supported by the elevated chromium and nickel content found in particles collected from a stainless steel wet chemistry cabinet sampling point where the Pu solution was stored. Sanders also reported that the geometric mean diameters of the Pu containing particles collected from the mechanical line (where metal form Pu was handled) and the wet cabinet (where Pu was in solution) sampling points were within the size range for depositing in lungs (13.7 and 4.7 lm, respectively).
Methods and techniques for sampling and analyzing aerosol particles have long been explored and matured by numerous studies in areas of atmospheric and environmental sciences [6] [7] [8] [9] [10] . Sampling devices such as cascade impactors are commonly used if determination of the particle size distribution is required in the study. Cascade impactors offer the unique capability of separating and collecting particulates in size fractions based on the activity median aerodynamic diameter (AMAD) [11] . The subsequent filter digesting protocols for trace elemental determination generally includes a combination of HNO 3 and HF assisted by heat and/or pressure, as well as sonication, prior to analysis by inductively coupled plasma-mass spectrometry (ICP-MS) and inductively coupled plasma-optical emission spectroscopy (ICP-OES) [6] . In this study, the chemical and elemental composition of aerosol particles, Pu isotopic composition in the particulate, and the presence of other radioactive nuclides were deemed important, thus, the filter digestion method needed to be suitable for trace elemental analysis by ICP-OES/MS, Pu isotopic composition determination by thermal ionization mass spectrometry (TIMS), and radionuclide measurement by liquid scintillation counting (LSC).
Experimental Reagents
For ICP-OES analysis, multi-element calibration and verification standards were prepared from standard solutions purchased from High Purity Standards (Charleston, SC, USA) and from Inorganic Ventures (Christiansburg, VA, USA), respectively. For ICP-MS analysis, multi-element calibration standards and internal standards were prepared daily from Inorganic Ventures standard solutions. Calibration verification standards were prepared from SPEX CertiPrep (Metuchen, NJ, USA) standard solutions. Nitric acid and hydrofluoric acid for sample and standard preparations were Fisher Optima (Pittsburgh, PA, USA) ultrapure grade. Deionized (DI) water at [18 MX cm -1 resistivity was produced by a Barnstead (Dubuque, IA, USA) E-pure system.
Materials and methods
A Model Series 290 Marple personal cascade impactor (Thermo Fisher, Waltham, MA, USA) with eight particle collecting stages and a backup stage was employed for glove box aerosol particle collection. Marple collectors are personal air sampling impactors using a battery operated pump to draw (2 L min -1 ) air through the nine successive stages where aerosol particles are segregated according to their AMAD. The polyvinyl chloride (PVC) substrate for each stage has a diameter of 2 inches and six symmetrically sectioned slots. The aerosol particle cut off sizes for the various stages are 21.3, 14.8, 9.8, 6.0, 3.5, 1.55, 0.930, 0.520 and \0.520 lm, respectively. A detailed operation procedure has been described elsewhere [2] . In general, a Marple collector was placed approximately 1 ft from the operation activity, in line with the laminar flow exhaust ducts which was used to remove the contaminated air. Glove box aerosol particles were collected during the operation. Although the sample collected from this location was not truly the air in the worker's breathing zone, it was expected that the collected sample is a close representative of the workers' exposure in the event of accident or ventilation loss. A background sample collection was performed whenever possible for 1-2 h prior to the operation. Two locations were selected for sampling: one was inside the glove box where plutonium oxide (PuO 2 ) was reduced by calcium (Ca) to produce Pu metal via a MCDOR process. The other was inside the glove box where the Am from the Pu metal was removed through a MC process. Figure 1 illustrates a typical schematic diagram of a Marple impactor sampling device inside a glove box.
Filter substrates were weighed before and after the collection. Nitro gloves were worn for any necessary manipulations of the sample collection device. Clean plastic tweezers were used when handling the substrates, and contact was limited to edges of the filter where particles were not deposited. Note that the collected samples contain radioactive materials, thus, the post-collection handling was performed in a glove box to prevent contamination to the workers. Typically, samples were handled on a clean surface inside a glove box to minimize potential trace element contamination to the sample.
Instrumentation

Filter digestion
An electronically controllable MOD Block TM digestion system from CPI International (Santa Rosa, CA, USA) was employed for sample digestion. Perfluoroalkoxy (PFA) digestion vessels of 60 mL capacity equipped with the pressure relief valve were manufactured by Savillex (Eden Prairie, MN, USA). HNO 3 and HF mixture was used for the digestion of filters. A volume of 5-7 mL of acid mixture was introduced into a digestion vessel. This was the minimum volume required to cover the filter in the vessel.
A Branson (Danbury, CT, USA) 2510 ultrasonic bath was used to assist in removing the particles from filters.
Trace elemental analysis
For trace elemental analysis, two ICP instruments were employed: a PlasmaQuad PQ2
? (Thermo Fisher, Waltham, MA, USA) ICP-MS manufactured by VG Elemental and an IRIS ICP-OES manufactured by Thermo Jarrell Ash (Franklin, MA, USA). Both instruments were modified to interface with a glove box so that only the components that come into contact with samples, such as torch box and the sample introduction system, were located inside the glove box. Detection and electronic control systems resided outside the glove box. Detailed operating conditions have been described elsewhere [12] [13] [14] .
NDA Pu determination
HPGe detector was used to collect Pu spectra at 17 keV energy level. The counting geometry was kept the same for all filter samples.
Results and Discussion
Sample dissolution
A Marple filter substrate from each stage of the impactor represented a sample. The particle-laden substrate from each stage was weighed before and after loading in the impactor to obtain the total particle mass. Non-destructive assay (NDA, gamma spectroscopy) was also performed to measure the radioactivity. A portion (one-third) of the sample was archived, and another portion (one-sixth) was distributed for morphology studies by scanning electron microscopy (SEM) and X-ray fluorescence (XRF). The remaining filter was designated for destructive analysis: trace elemental analysis by ICP-OES/MS, Pu concentration and isotopic determination by TIMS, and radioactive nuclide measurement by LSC. A batch of samples usually contained ten sub-samples: nine from the impactor and one was a blank filter that was carried throughout the assembly steps.
The first attempt for Marple filter digestion was initiated with sonication. This technique has been used for atmospheric aerosol dissolution [6, 8] . For this experiment, a half-sized Marple filter was smeared with trace amount of PuO 2 powder, placed in 2-8 M HNO 3 in a Teflon Ò screw top vessel (with lid loosely screwed on), and sonicated in an ultrasonic bath for 2-4 h. At the end of the experiment, a visual inspection of the filter revealed that the green color from the PuO 2 was still clearly visible. Even after 4 h of sonication in 8 M HNO 3 , only an estimated 30 % of the PuO 2 on the filter was dissolved. In order to improve the dissolution efficiency, the digestion procedure was modified to include a heat to dryness step. After that, an additional 5 mL of 12 M HNO 3 and 0.1 M HF mixture was added to the vessel which was heated at 130°C for 4 h. A watch glass was placed on top of the vessel to allow the sample to reflux. The resulting filter showed only a slight green color after the digestion. The amount of PuO 2 dissolved in solution improved to 64-97 % as determined by NDA before and after the digestion. This agreed with the results reported by Morton et al. [6] . In that study, HNO 3 and HF were necessary for complete aerosol particle dissolution from what man (W41) cellulose filters which are commonly used for air aerosol sampling. In addition, these authors observed that heat and/or pressure improved the dissolution efficiency. Searching for a digestion method with simplicity, requiring minimal handling in a glove box to minimize trace element contamination, and the ability to completely dissolve the Pu containing particles, we adopted the PuO 2 dissolution procedure routinely utilized by the Actinide Analytical Chemistry group at LANL for Pu material trace elemental determination. For this test, the PuO 2 smeared filter was placed directly into a PFA acid digestion vessel. A volume of 5-7 mL HNO 3 and 0.1 M HF mixture was added to the vessel. The lid of the vessel was tightened using a special wrench (by Savillex). The system was then heated on a hot block at 130°C for 16 h. This method achieved 97-99 % PuO 2 dissolution, as evidenced by NDA before and after the digestion.
It was concluded that a mixture of 12 M HNO 3 and 0.1 M HF was adequate for a complete dissolution of Pu containing particles from a Marple filter substrate under a heating condition of 16 h at 130°C. Following the digestion, the sample was brought to a volume of 10 mL with DI water, and analyzed by ICP-OES, ICP-MS, TIMS and LSC. It was also observed that the post digestion PVC filter stayed intact and was only slightly shrunken in size.
It was also determined that factors such as acid composition/concentration, heat, and pressure contributed more to the Pu containing particle dissolution than sonication. Although sonication in low concentration nitric acid has been reported to aid the normal air aerosol particle dissolution from filter substrates [6] , it did not improve the dissolution of Pu containing particles, hence, it was removed from the procedure in this study.
Trace elemental analysis
An aliquot of the Marple filter digestate was diluted 10-fold and analyzed for trace elements by the ICP-MS. Another aliquot was diluted 3-fold for ICP-OES measurement. Dilution was not preferred but unavoidable in this case due to the limited sample size available. For the same reason, no duplicate analysis was performed. Trace element constituents were reported in the unit of lg filter -1 . Elements such as aluminum (Al), gallium (Ga), molybdenum (Mo), tantalum (Ta), titanium (Ti), tungsten (W), tin (Sn) and zinc (Zn) were determined by ICP-MS method, whereas calcium (Ca) and iron (Fe) were measured by ICP-OES method. Chromium (Cr), magnesium (Mg), manganese (Mn) and nickel (Ni) were analyzed by both methods. Total particle mass and trace element contents in the aerosol particles collected at the MCDOR process glove box location as a function of mean particle size or AMAD are shown in Fig. 2 .
The mean particle size in this study was defined as the size of particles in-between the cut off size of each stage. An upper limit particle size cut point of 50 lm was assumed for the first stage [2] . Aerosol particle size distribution patterns can usually fit within three models: lognormal, bimodal and tri modal [2] . Figure 2a showed that the particle sizes in the MCDOR process glove box demonstrate two modes, resembling a bimodal distribution. The two-mode particle sizes are in the \0.52 lm size bin and in the 6.0-9.8 lm bin. The particle size of \0.52 lm, which dominates the first mode, is much smaller than the 5 lm recommended value; hence will more likely be underestimated by the standard health physics models. On the other hand, particle sizes between 6.0 and 9.8 lm are larger than the recommended default 5 lm value and may lead to an over estimation of inhalation dose when applied to the standard modeling.
Masses of trace element for each mean particle size are shown in Fig. 2b-d . Elements such as Ca, Fe, Mg and Ta are present in high concentrations, followed by Cr, Ni, Al, W, Al, Mn, Ti, Mo, and Sn. High Ca and Mg were expected from the MCDOR process: Ca was from the CaO/ CaCl 2 molten salts produced during the Pu production process, and Mg was from the MgO crucible used for the reaction. Fe, Ta, and Ni in the aerosol particles can be attributed to the reaction vessel components, whereas Fe, Cr, Ni, Mn, Al, Ti, W, Mo, and Sn may be from the stainless steel glove box, tooling, and container materials. All detected elements seemed to follow the bimodal distribution similar to that of the particle size distribution pattern, except for Ta. Some elements such as Mo and Sn appeared at fairly low concentrations, yet they still followed the same distribution pattern.
Due to the lack of matrix matched certified reference materials (CRMs), the accuracy of measurements in this study was evaluated by comparing the trace elemental results obtained by two methods: ICP-OES and ICP-MS (Fig. 3) . It is seen that Cr (Fig. 3a) and Mn (Fig. 3b) results from different instrument measurements were in agreement, even though the two methods have different method detection limits (MDLs). Larger variations were observed for Mn than Cr as the measured Mn concentrations were approaching the quantitation limits for ICP-OES. The agreement of results between the two analytical methods provides an increased confidence of the measured values under the condition where no direct CRMs are available.
Particulate and element masses for various sizes of particles collected from the MC process glove box location are illustrated in Fig. 4 . Values for background collection are also included for each element. A total mass for the stage one filter, which corresponded to a mean particle size of 36 lm, was not available due to a failure in recovering the whole filter after the collection. It was noticed that the total particle mass collected at all other stages were much less than that from the MCDOR process location. The particle size distribution for MC process can fit within the lognormal model (Fig. 4a) with only one mode. The most abundant particle mass occurred at particle sizes between 1.55 and 3.5 lm, which are smaller than the recommended 5 lm value. This may lead to an underestimation of dose exposure involved in this process, if the standard model is applied. Elemental constituents in particles collected from each stage are plotted in Fig. 4b-g . All detected elements follow the same lognormal mode as that of the particle size distribution.
The background values were obtained by sampling the glove box air when operation was idle. These values provided the signal to noise ratio for each elements and increased the confidence in the measurements. For instance, regardless of the high background values for Cr, Zn and Mn, the signals of these elements can still be extracted and identified as following the lognormal mode.
Conclusion
An analytical chemistry method has been developed for dissolving Pu containing aerosol particle from PVC filter substrates. Utilizing this technique, plutonium particles collected by Marple impactors were almost completely dissolved with an acid mixture of 12 M HNO 3 and 0.1 M HF in a pressurized acid digestion vessel, when heated at 130°C for 16 h. Dissolution efficiency as high as 99 % for Pu was achieved. The aerosol digestate is suitable for (1) trace elemental analysis by ICP-OES/MS, (2) total Pu concentration and Pu isotope composition determination by TIMS, and (3) radionuclide measurement by LSC. This study has shown that the size of aerosol particles collected from both Pu production processes was not necessarily corresponding to the default 5 lm value recommended in ICRP publication 66, therefore, health physics modeling needs to be process-specific in order to obtain correct dose estimation. In both sample collection locations, the levels of the trace elements in the aerosol particles followed the same pattern of particle size distribution. For trace elemental analysis, measuring the particle digestate with two ICP methods served as a quality control cross check to increase the confidence of the measurements. Background sample collection was also important to ensure a significant signal to noise ratio. This dissolution method can be applied to other similar types of Pu containing particles. b Fig. 4 Particle size and elemental constituent distributions from MC process glove box
